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Amelioration of experimental glomerulonephritis by dietary protein
restriction. We have examined the effects of various levels of dietary
protein intake on the course of nephrotoxic serum nephritis in the rat by
feeding low (4.6% casein), standard (23% casein), and high (57.5%
casein) protein diets which were identical in calorie, mineral, and
electrolyte content. Nephritic rats on a high protein diet manifested
heavy proteinuria, hypoalbuminemia, hypercholesterolemia, azotemia,
and elevated serum creatinine levels. In those subjected to dietary
protein restriction, proteinuria remitted and azoternia did not develop.
While mesangial widening, interstitial abnormalities, and segmental
proliferation and sclerosis of glomeruli occurred regularly in nephritic
rats fed high protein diets, histologic abnormalities were virtually
absent in those on low protein intake. Animals on a standard protein
intake manifested histologic and clinical features intermediate in sever-
ity. We conclude that the renal functional and histologic consequences
of nephrotoxic serum nephritis can be averted by dietary protein
restriction.
Amelioration d'une glomérulonéphrite experimentale par une restric-
tion proteique alimentaire. Nous avons examine les effets de différents
niveaux d'apports protéiques alimentaires sur le développement d'une
néphrite sérique néphrotoxique chez Ic rat, soumis a des regimes
pauvre (4,6% de caséine), standard (23% de caséine) ou élevé (57,5% de
caséine) en protéines, identiques par leur contenu calorique, mineral, Ct
electrolylique. Les rats néphritiques avec un régime riche en protéines
avaient une protéinurie importante, une hypoalbuminémie, une hyper-
cholestCrolémie, une azotémie, et des niveaux de créatinine sérique
ëlevés. Chez ceux soumis a une restriction protéique alimentaire, Ia
protéinurie a disparu, et l'azotémie ne s'est pas développee. Alors
qu'un épaississement mésangial, des anomalies interstitielles et une
proliferation segmentaire et une sclérose des glomerules se sont pro-
duits régulierement chez les rats néphritiques recevant des regimes
riches en protëines, les anomalies histologiques étaient virtuellement
absentes chez ceux avec un faible apport proteique. Les animaux
recevant un apport protéique standard avaient des caracteristiques
histologiques et cliniques de sévérité intermédiaire. Nous concluons
que les consequences fonctionnelles et histologiques rénales de Ia
néphrite sérique néphrotoxique peuvent être évitées par Ia restriction
protéique alimentaire.
An aggravating effect of increased dietary protein and an
ameliorative role for protein restriction has been described in
various forms of experimental renal injury in the rat [1—7]. Some
of these studies, however, lacked definitive histologic observa-
tions and neglected the possible role of hypertension or varia-
tions in calorie, mineral, or electrolyte intake. Recent work
which implicates hyperfusion as a possible cause of glomerular
injury has stimulated a renewed interest in dietary protein and
its precise role in the production of renal parenchymal damage
[51. The present study was undertaken to establish the effects of
ciifferent levels of protein intake on the renal functional and
histologic consequences of nephrotoxic serum nephritis (NSN)
in the rat. Diets were designed to be isocaloric and to contain
identical mineral and electrolyte content. The results demon-
strate an unequivocally beneficial effect of dietary protein
restriction on this experimental renal disease.
Methods
Goat serum with anti-rat glomerular basement membrane
antibody activity was prepared as previously described [8].
NSN was produced in 18 male Sprague-Dawley rats initially
weighing 200 to 250 g. Following five intravenous injections of
goat anti-serum (1 cc/100 g of body weight) given over a 30-day
period, rabbit anti-goat gamma globulin (4 mg/l00 g of body
weight) was administered intravenously. Animals were fed ad
libitum with standard rat chow containing 23.4% protein (Ro-
dent Lab Chow #5001, Ralston-Purina, St. Louis, Missouri)
during the induction period (days —60 to —30) and for an
additional 30 days (—30 to 0), at which time they were randomly
assigned to 4, 20, or 50% protein diets (Fig. 1). As detailed in
Table 1, the diets (Teklad Test Diets, Madison, Wisconsin)
were isocaloric and contained identical quantities of calcium
(1.4%), phosphorus (1.16%), sodium, chloride, and potassium
as well as other minerals, vitamins, and electrolytes with the
exception of bicarbonate.
It has been demonstrated that pair-fed rats exhibit greater
weight on high as compared to low (under 7%) protein diets
despite identical calorie intake [10, 111. We have observed that
rats assigned 20 or 50% protein diets ingest larger quantities of
food than those on 4% protein diets. To maintain the same
calorie, mineral, and electrolyte intake per gram of body weight
among the various groups, amounts of diet by weight were
allotted in proportion to body weight determined at 2- to 3-week
intervals. Since rats fed 4% protein diets ingested less, feeding
intervals among the other rats were paced according to the
consumption of this group.
To serve as controls, 12 male Sprague-Dawley rats weighing
200 to 250 g received injections of goat serum devoid of
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Standard rat chow (24% protein)
4% Protein (N = 6)
20% Protein (N = 5)
50% Protein (N = 6)
Sacrifice Fig. 1. The effect of dietary protein content on
NSN: protocol used in the present study.
60
antiglomerular basement membrane activity and were randomly
assigned to the three different protein diets.
On days 0, 30, and 60, rats were placed in metabolic cages
with access to water but not to food so urine samples under oil
could be collected. Twenty-four hour urinary protein excretion
was determined by the biuret method f 12]. Urinary creatinine
concentrations were measured in an Auto-Analyzer (Technicon
Instrument Corp., Tarrytown, New York). At the time of
sacrifice on day 60, creatinine clearance (Ccrnormalized for
body weight) and serum sodium, potassium, calcium, phospho-
rus, cholesterol, total protein, albumin, and BUN were deter-
mined by standard methods. Renal tissue specimens were
obtained from an open kidney biopsy from nephritic rats on day
30 and in each nephritic and control rat at the time of sacrifice.
In addition, three nephritic rats underwent open renal biopsy
prior to randomization into the dietary groups on day 0. Renal
tissue specimens were studied by immunofluorescence and light
microscopy as previously described [8]. Focal and segmental
proliferation and sclerosis in glomeruli were quantitated accord-
ing to the percentage of glomeruli so affected. Tubulo-intersti-
tial changes (interstitial inflammation, tubular atrophy and
fibrosis, and the presence of eosinophilic staining tubular casts)
and mesangial widening due to increased matrix were each
graded on a scale of 0 to 3+.
The Bonferroni method of analysis of variance was employed
for statistical analysis. Data are expressed as the mean for each
group SEM.
Results
Proteinuria, which reached a mean level of 274 75 mg/24 hr
in rats with NSN on standard chow as determined on day 0,
remitted to 2 1 mg/24 hr after 30 days and remained depressed
at 7 1 mg after 60 days on the 4% protein diet (Fig. 2, Table 2).
Heavy proteinuria continued in nephritic rats on 50 and 20%
protein diets with excretion rates of 289 64 and 133 26
mg!24 hr, respectively, on day 60 (Fig. 2, Table 2). Control rats
did not show any significant proteinuria on any of the diets
(range 2 1 to 11 2 mg/24 hr).
At the time of sacrifice,' no significant differences were noted
among any of the nephritic groups in arterial blood pressure,
serum sodium, potassium, phosphorus, or serum calcium con-
centration (after normalization of the latter for serum albumin
level [13]). Body weights paralleled dietary protein content and
showed no significant differences between corresponding ne-
phritic and non-nephritic groups (Table 2).
'One nephritic rat fed 20% protein expired as a consequence of renal
biopsy.
Table 1. Composition of diets
4%
Protein
20%
Protein
50%
Protein
g/kg
Casein 46 230 575
Corn starch 150 150 150
Sucrose 606 446 146
Corn oil 50 48 44
Fiber 72 52 13
Bernhart-Tomarelli mineral mix [91 40 40 40
Calcium phosphate 17 11 0
Calcium carbonate 0 4.2 12
Vitamin mix 10 10 10
In normal rats, serum albumin was decreased in the 4%
protein group only; by contrast, hypoalbuminemia was ob-
served in all nephritic animals whether on standard, high, or
low protein intake (Table 2). Serum cholesterol levels were
elevated only in nephritic rats fed 50% protein (Table 2).
Control rats on 4% protein showed significantly decreased
fasting Cr as compared to those on 20 or 50% protein intake.
Creatinine clearance was less and serum creatinine levels were
greater in nephritic rats on 20 and 50% diets than in control
animals on similar protein intakes (Table 2). These differences
were not observed, however, between the nephritic and control
rats on 4% protein diets (Table 2).
Three nephritic rats that underwent renal biopsy on day 0,
while on standard rat chow prior to randomization, demonstrat-
ed focal and segmental glomerular proliferation involving 10 to
20% of glomeruli. Focal and segmental glomerular proliferation
and sclerosis involving 8 to 24% of glomeruli were observed
regularly by light microscopy at sacrifice on day 60 in all
nephritic rats maintained on 50% protein (mean 15 2% of
glomeruli affected) (Table 3, Figs. 3B and 4). Mild interstitial
inflammation and tubular atrophy and fibrosis paralleled
glomerular abnormalities, and, in addition, scattered tubules
were filled with eosinophilic staining material. Nephritic rats
fed a 20% protein diet exhibited mild mesangial expansion and
tubulo-interstitial changes which were indistinguishable from
those in the nephritic group fed 50% protein. Focal and segmen-
tal glomerular proliferation and sclerosis involving 1 to 10% of
glomeruli were observed by light microscopy at sacrifice in four
of five nephritic rats fed 20% protein. The percentage of
glomeruli affected was significantly less in rats on 20% protein
(mean 5 2% of glomeruli affected as compared to 15 2% in
the 50% protein group, P < 0.001). By contrast, mild mesangial
abnormalities were present in only two of six nephritic rats after
Induction
of NSN
I I I I
I , I I
—60 —30 0 30
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60 days on 4% dietary protein; glomerular proliferation and
sclerosis were absent (Table 3, Fig. 3A). Immunofluorescence
microscopy demonstrated 3 + linear staining in glomeruli for
goat, rabbit, and rat IgG in all nephritic rats. The intensity of
staining was the same at the three levels of dietary protein
intake. Control rats uniformly demonstrated normal renal his-
tology at the time of sacrifice. Histologic findings in renal tissue
specimens obtained by biopsy on day 30 did not differ signifi-
cantly from those observed in tissue obtained by sacrifice on
day 60.
Discussion
We have demonstrated that the renal functional and histolog-
ic consequences of nephrotoxic serum nephritis can be averted
by dietary protein restriction. Nephritic rats fed 50% protein
developed heavy proteinuria, hypoalbuminemia, hypercholes-
terolemia, azotemia, decreased creatinine clearance, and focal
and segmental glomerular proliferation and sclerosis. With
restriction of dietary protein, a complete remission of protein-
uria occurred, renal function did not differ from the correspond-
ing control group, and glomerular histologic abnormalities were
essentially absent. Animals fed a standard protein diet exhibited
an intermediate histologic and clinical course.
The marked proteinuria associated with hypoalbuminemia in
nephritic rats fed 20 or 50% protein reflects glomerular leakage
of protein rather than the level of protein intake, inasmuch as
normal rats on the same dietary protein failed to develop
proteinuria while their serum albumin levels were greater.
Similarly, absence of proteinuria in nephritic rats fed 4%
protein can be attributed to amelioration of glomerular damage
rather than to dietary restriction alone insofar as their serum
albumin levels were no lower than those of nephritic rats which
had heavy proteinuria on 20 or 50% protein feedings. The
elevation of serum cholesterol observed among nephritic rats
NSN fed the 50% protein diets paralleled the level of proteinuria and
50% the reduction of serum albumin.
A reduction in GFR with low-protein feeding in the normal
rat has been described previously [11, 14, 15] and has been
confirmed in the present study. We observed no significant
difference, however, in GFR normalized for body weight be-
tween normal rats on 20 and 50% protein diets. It must be borne
in mind, however, that clearance measurements were made in
the fasting state and may not reflect postprandial responses.
Basal C- in nephritic rats on 4% protein was reduced to the
same extent as in normal subjects; accordingly, we do not
ascribe any reduction in GFR to the effect of nephritis in the
rats on low dietary protein. By contrast, GFR was reduced and
serum creatinine was greater in nephritic rats on 20 or 50%
protein as compared to normal rats on these same diets, clearly
a manifestation of glomerular injury which was aborted in the
rats fed low-protein diets.
To our knowledge, few previous studies have examined the
role of dietary protein content on the course of experimental
glornerulonephritis [1, 2, 16]. In 1939, Farr and Smadel [1, 2]
showed an adverse effect of protein feeding on the course of
NSN, as manifested by increased azotemia, proteinuria, his-
tologic damage, and mortality. Recently, an ameliorative effect
of dietary phosphorus restriction on the course of NSN and on
the nephropathy associated with renal ablation has been dem-
onstrated [17, 181. It is possible that variations in phosphorus
content necessitated by different amounts of protein may have
been responsible for the findings of Farr and Smadel rather than
the level of dietary protein per Se. Furthermore, since caloric
restriction ameliorates or retards the proteinuria and progres-
sion of glomerular sclerosis which occurs in the aging rat, in rats
with irradiation nephritis or in those with hypothalamic hyper-
phagia [19—21], variations in caloric intake may also have
influenced the results of this earlier study. Finally, blood
pressure levels were not measured, although dietary content of
sodium probably varied in concert with caloric intake, Our
recent report that the severity of NSN is enhanced by systemic
hypertension [8] underscores the importance of this variable. In
the present study, the factors of calorie, calcium, phosphorus,
and electrolyte intake were all controlled by the design of the
protocol. The level of blood pressure was the same at the three
levels of protein intake; hypertension was not observed.
A favorable influence of dietary protein restriction has also
been described in other experimental models of renal injury [3—
5, 10, 22]. Chanutin and Ferris [3], in 1934, demonstrated an
ameliorative effect of dietary protein restriction on the progres-
sive proteinuria, hypertension, and azotemia associated with
extensive renal ablation. This beneficial response, as well as a
deleterious role for high protein feeding, has been subsequently
confirmed in the renal ablation model by several investigators
[4, 5, 10]. When high dietary protein content is combined with
unilateral nephrectomy in the rat, proteinuria is increased and
the occurrence of glomerular sclerosis is markedly enhanced [6,
7, 23]. These manifestations of glomerular injury are not
attributable to dietary acid content, nor can they be reproduced
by urea feeding [23—25].
It has been reported that glomerular hyperperfusion and an
increase in the transglomerular passage of macromolecules
occur following extensive reduction in renal mass [5]. The
progressive glomerulosclerosis which is observed in this model
has been attributed to an inability of the mesangium to process
this increased traffic, with the resultant deposition of macro-
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Fig. 2. Mean urinary protein excretion in nephritic rats fed 4, 20, and
50% protein diets determined on days 0, 30, and 60. Protein excretion in
control rats did not exceed 11 mg124 hr.
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Table 2. The effect of dietary protein content on NSN: Clinical and laboratory features
Creatinine
Body Urinary Serum Serum Serum clearance
weight BP protein albumin cholesterol BUN creatinine m1124 hr/lOO g
grams mm Hg mg124 hr gidi mgldl mgldl mgldl body weight
Control 4%(N = 4) 315 15 110 5 2 1 2.6 0.1 70 7 17 3 0.8 0.1 297 31
Control 20% (N = 4) 371 37 115 7 11 2b 3.3 0.la 86 4 29 2a 0.7 0.la 460 61"
Control 50% (N = 4) 418 24 108 8 10 2a 3.0 0.la 79 15" 44 2 0.6 0.Oa 471 22b
Control 4% vs. 20% NS NS NS <0.001 <0.001 NS NS <0.05
Control 4% vs. 50% <0.05 NS NS <0.001 NS NS NS <0.05
Control 4% vs. 50% NS NS NS NS NS NS NS NS
NSN 4% (N = 6) 329 16 103 9 7 1 2.6 0.0 79 4 18 3 0.9 0.1 280 21
NSN 20% (N = 5) 393 15 100 4 133 26 2.6 0.1 100 18 87 II 1.3 0.1 294 49
NSN 50% (N 6) 448 16 107 10 289 64 2.5 0.1 145 25 69 10 1.0 0.1 362 21
NSN 4% vs. 20% NS NS <0.05 NS NS <0.001 <0.001 NS
NSN 4% vs. 50% NS NS <0.001 NS <0.05 <0.001 NS NS
NSN 20% vs. 50% NS NS <0.05 NS NS NS <0.05 NS
a P < 0.001 compared to the corresponding nephritic dietary group.
b P < 0.05 compared to the corresponding nephritic dietary group.
Table 3. Histologic findings at sacrifice in nephritic rats after 60 days on varied protein dietsa
Focal and segmental proliferation and
Mesangial expansion sclerosis (% glomeruli involved) Tubulo-interstitial changes
0 1+ 2+ 3+ 0 lto8 8toló 16to24 0 1+ 1+ 3+
NSN 50% protein (N = 6) 6 3 3 6
NSN 20% protein (N = 5) 5 1 2 2 5
NSN 4% protein (N = 6) 4 2 6 4 2
a The numbers in each column refer to the number of rats in each group with those histologic findings.
molecules leading to glomerular injury [5]. Whole kidney GFR
and renal blood flow and single nephron filtration rate (SNGFR)
and glomerular blood flow are reduced by dietary protein
restriction {ll, 14, 15]; the beneficial influence of dietary
protein restriction on the consequences of renal ablation has
been credited to the prevention of glomerular hyperfiltration
[5]. The observation that a similar hemodynamic mechanism
may be responsible for the ameliorative effect of low-protein
feeding is included in our present report on NSN. Significantly,
the glomerular injury and increased permeability which are
induced by administration of nephrotoxic serum are accompa-
nied by hemodynamic adaptations which may be "maladapt-
ive," since they maintain filtration via increased glomerular
hydraulic pressure and glomerular blood flow [26, 27]. Dietary
protein restriction, by reducing glomerular perfusion and pas-
sage of macromolecules, may prevent glomerular injury in
NSN. Additionally, the decrease in glomerular perfusion asso-
ciated with low protein feeding may reduce the delivery of rat
anti-goat and rat anti-rabbit immunoglobulin in NSN, thereby
limiting immune damage.
Interpretation of overall clearance data relative to glomerular
perfusion in rats fed varying dietary protein content is limited in
so far as variations in glomerular surface area due to dietary
manipulation cannot be assessed accurately even when whole
kidney clearance is normalized for body or kidney weight. In
the diseased kidney, inferences that can be drawn from overall
clearance data are further limited due to a heterogeneity of the
nephron population. Nevertheless, the fact that basal whole
kidney GFR at the time of sacrifice was no different in NSN rats
on 20 and 50% protein as compared to those on 4% feedings is
not inconsistent with the "perfusion" hypothesis. Rats on low
protein intake would experience a decrease in SNGFR, presum-
ably protective against NSN. Those on standard or high protein
diets, while maintaining SNGFR early, would suffer glomerular
damage from NSN and an eventual reduction in whole kidney
GFR. Thus, overall GFRs were equal in rats on low protein
diets whether nephritic or not. By contrast, GFR was reduced
in nephritic rats on 20 or 50% protein as compared to normal
rats on these same diets. In the present study, observations on
single nephron hemodynamics were not made. We are currently
examining the hypothesis that glomerular capillary pressures
and blood flows early in NSN are reduced in rats on low protein
intake. Though no difference in GFR was observed in the
present study between normal rats fed 20 and 50% protein diets,
it must be borne in mind that clearance measurements were
made in the fasting state and may not reflect postprandial
responses. A hemodynamic basis for enhanced glomerular
damage with 50% protein intake as compared to 20% may rest
on greater intermittent postprandial rises in glomerular perfu-
sion on the higher protein diet. It is possible as well that the
renal hemodynamic response to different levels of dietary
protein may differ in disease.
The content of dietary protein in the restricted group (4%) is
insufficient to support normal growth and development in the
rat [10, 11] and was associated with the development of
hypoalbuminemia. Protein malnutrition has been associated
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Fig. 3. Glomerular histology. A NSN after 60 days of4% pro 1cm feeding—no glomerular abnormalities. (PASM X 367) B NSN after 60 days qf5O%
protein feeding—focal and segmental glomerular proliferation and sclerosis. (PASM x490)
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Fig. 4. Detail of glomerular histology in NSN after 60 days of 50% protein feeding—segmental proliferation with crescent. (PASM X 1225)
with defects in both cell mediated and humoral immune re-
sponses as well as in the complement system [28]. Consequent-
ly, it is possible that the near absolute protection afforded by
dietary protein restriction may be mediated not only by hemo-
dynamic changes but additionally (or alternately) by interfer-
ence with ongoing immunologic events. We cannot, however,
invoke an immunologic mechanism to explain the enhanced
histologic severity and proteinuria observed with high protein
as compared to standard feeding since the latter is clearly not
associated with the development of protein malnutrition.
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